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Nanofluids are a new generation of high-efficiency refrigerant with abnormal increased
thermal conductivity and convective heat transfer properties. In view of the paucity of
research work on the contribution of nanoparticle Brownian motion for the thermal
conductivity augmentation, the present paper carries out a series of MD simulations to
explorer the order of magnitude of nanoparticle Brownian motion and discusses the effect
of nanoparticle Brownian motion for thermal conductivity enhancement of nanofluids.
Various influence factors including nanoparticle shapes, sizes, and materials are con-
sidered. The Brownian motion of nanoparticles is decomposed into rotation and migration
and calculated by MD simulation. By means of Peclet number, the effect of nanoparticle
Brownian motion for thermal conductivity enhancement of nanofluids is discussed.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nanofluids are a new type of heat transfer fluids that are engineered colloidal suspensions of nanoparticles in a base fluid
[1,2]. The nanoparticles used in nanofluids are typically made of metals, oxides, carbides, or carbon nanotubes. Common
base fluids include water, ethylene glycol and oil [3]. Nanofluids exhibit enhanced thermal conductivity and the convective
heat transfer coefficient compared to the base fluid [4]. They have novel properties that make them potentially useful in
many industrial and domestic applications in heat transfer, including engine cooling/vehicle thermal management, hybrid-
powered engines, fuel cells, microelectronics, heat exchanger in boiler, refrigerator, and solar water heating device.
Knowledge of the mechanism behind heat transfer augmentation by using nanofluids is very critical in deciding their
predictability and operability for enhanced heat transfer applications. However, scientists still do not entirely clear why a
very small proportion of nanoparticles could bring about such a large improvement in heat transfer properties, which is far
beyond the prediction of classical theory for conventional two-phase fluid.
The anomalous increased thermal conductivity is the most attractive property that nanofluids provide. Eastman et al.
have observed a 40% increase with 0.3 vol% copper nanoparticles of 10 nm diameter [5]. Das et al. reported increase of up to
25% in water with 1–4 vol% alumina nanoparticles [6]. Despite several attempts, a satisfactory explanation for the thermal
conductivity augmentation in nanofluids is yet to be found. Due to the small scale of nanoparticles, microcosmic mechanismer Ltd. This is an open access article under the CC BY-NC-ND license
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Nomenclature
cp heat capacity
d diameter
F embedding energy
k thermal conductivity
l characteristic length
Pe Peclet number
r intermolecular distance
t time
U interatomic interaction
Greek letters
α thermal diffusivity
ε energy parameter
μ fluid viscosity
ν velocity
ρ density
s length scale
τ time
τw shear stress at the wall
Φ pair potential interaction
ω angular velocity of nanoparticle
Subscripts
i atom i
j atom j
l liquid
p particle
r rotational
s solid
t translational
w wall
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has been demonstrated that heat transfer enhancement may occur from particle rotation in microfluidic flow with micron-
sized particles (in the range of 40–100 μm) [7]. However, whether this explanation is equally effective for nanofluids still
remains a question. Keblinski et al. explored possible explanations for this anomalous increase, including: Brownian motion
of the particles, molecular-level layering of the liquid at the liquid/particle interface, the nature of heat transport in the
nanoparticles, and the effects of nanoparticle clustering [8]. Jang et al. have found that the Brownian motion of nanoparticles
at the molecular and nanoscale level is a key mechanism governing the thermal behavior of nanoparticle–fluid suspensions
(“nanofluids”). And they have devised a theoretical model that accounts for the fundamental role of dynamic nanoparticles
in nanofluids [9,10]. Gupta et al. conducted Brownian dynamics simulations of a real nanofluid system in which the in-
terparticle potential is determined based on Debye length and surface interaction of the fluid and the solid [11]. They have
showed that Brownian motion can increase the thermal conductivity of the nanofluid by 6% primarily due to “randomwalk”
motion and not only through diffusion. Prasher et al. showed through an order-of-magnitude analysis that the enhancement
in the effective thermal conductivity of nanofluids is due mainly to the localized convection caused by the Brownian
movement of the nanoparticles [12,13]. They also introduced a convective–conductive model which accurately captures the
effects of particle size, choice of base liquid, thermal interfacial resistance between the particles and liquid, temperature, etc.
Koo et al. proposed a new thermal conductivity model for nanofluids, which takes the effect of particle size, particle volume
fraction and temperature dependence as well as properties of base liquid and particle phase into consideration by con-
sidering surrounding liquid traveling with randomly moving nanoparticles [14,15]. They have found that the time scales for
such a complex particle–liquid body creating micro-mixing and local heat transfer were of about the same magnitude,
which manifests the efficient energy transport due to Brownian motion. Ren et al. [16] and Kumar et al. [17] considered the
micro-convection caused by thermal motion of nanoparticles and proposed theoretical models to calculate the effective
thermal conductivity of nanofluids. The predicted results of the models are in good agreement with experimental data
which demonstrates the necessity of taking into account the Brownian motion of nanoparticles in modeling thermal
conduction with nanofluids. Li et al. investigated the mixing effect of the base fluid in the immediate vicinity of the na-
noparticles caused by the Brownian motion [18]. Their simulation results indicate that this mixing effect can have a sig-
nificant influence on the effective thermal conductivity of nanofluids. However, some researchers claim that the nano-
particle motions cannot be an important factor in the heat transfer enhancement with nanofluids [8,19]. In their opinion the
time scale of nanoparticle Brownian motion is too short and therefore inadequate for explaining the abnormal increase in
thermal conductivity. Hence, more theoretical studies are still needed on the effect of nanoparticle motions for the heat
transfer augmentation in nanofluids.
One effective way to explore Brownian motion of nanoparticles at the microscopic level is molecular dynamics (MD)
simulations [20]. Sarkar et al. studied the thermal conductivity and diffusion coefficient of Cu–Ar nanofluids by MD method
[21]. Through analyzing the mean square displacement of nanofluid components, they have found that the range of fluidic
molecular motion is increased due to nanoparticles and the heat conduction is therefore strengthened. Li et al. simulated the
thermal conductivities of Cu–Ar nanofluids by MD simulations [22,23]. They focused on the effect of absorption layer for
heat conduction in nanofluids, and proposed the absorption layer at the surface of solid nanoparticle as an important
mechanism for explaining the significant increase of thermal conductivity. Sun et al. simulated effective thermal con-
ductivity of Cu–Ar nanofluids confined between plates [24]. They have proposed that nanoparticles rotate fast in base fluid,
and the micro convection effect due to the rotation of nanoparticles is the main reason for explaining the effective thermal
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chanism for explaining the abnormal increase in thermal conductivity of nanofluids. Some researchers also attempted to
perform MD simulations on viscosity, diffusion, and fluid flow of nanofluids. For instance, Rudyak et al. simulated the
viscosity coefficient of several model nanofluids by the molecular dynamics method. [25]. It is shown that the viscosity of
the nanofluids is considerably higher than that of the carrier fluid. The finer the particles, the higher the viscosity of the
nanofluids with the volume concentration of the particles being the same. Loya et al. performed MD simulation on rheo-
logical properties of CuO–water nanofluids [26]. They have attempted to use COMB potential for CuO–water system. And the
MD viscosity varies between 7% and 8% from the experimental values. The diffusion coefficient was lower than the literature
data. Lv et al. simulated with molecular dynamic model of nanofluid between flat plates under shear flow conditions [27]. It
is observed that during shear flowing process the nanoparticles vibrate and rotate besides main flowing with liquid argon
and these micro-motions could strengthen partial flowing in nanofluids. However, few study reports systematic MD si-
mulations on the order of magnitude of nanoparticle Brownian motion as well as the contribution of nanoparticle Brownian
motion for the thermal conductivity increase of nanofluids.
The present paper carries out a series of MD simulations to explorer the order of magnitude of nanoparticle Brownian
motion and discusses the effect of nanoparticle Brownian motion for thermal conductivity enhancement of nanofluids.
Various MD simulation models of nanofluids containing nanoparticles of different shapes, sizes, and materials are estab-
lished. The Brownian motion of nanoparticles is decomposed into rotation and migration and calculated by MD simulation.
By means of Peclet number, the effect of nanoparticle Brownian motion for thermal conductivity enhancement of nanofluids
is discussed.2. MD simulation
In the present work, Lennard–Jones (LJ) potential is employed to solve the interatomic interactions between Ar atoms as
well as Cu and Ar atoms, which is written as:
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where ε and s are energy parameter and length scale respectively, rij is the intermolecular distance between atoms i and j.
The LJ parameters can be found in literatures [23]. For argon, ε¼1.6710–21 J, s¼0.34 nm; for copper, ε¼65.6310–21 J,
s¼0.23 nm.
Lorentz–Berthlot mixing rule is used to calculate parameters between argon and copper atoms, which is written as [23]:
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where the subscripts s and l denote solid and liquid, respectively. Therefore, it is calculated that εsl¼10.4210-21 J and ssl
¼0.29 nm, respectively.
Embedded atom method (EAM) potential is used to solve interactions between copper atoms, which is written as:
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where Fi is the embedding energy which is a function of the atomic electron density ρ, ϕ is a pair potential interaction, and i
and j represent atoms i and j, respectively.
In order to get a general understanding on the order of magnitude of nanoparticle rotation and migration, multiple
simulation systems have been modeled. The simulation system is created by “LAMMPS” code,[28]. which is a famous freely
available molecular dynamics code developed by Sandia National Labs. The influences of a variety of nanoparticle properties
for nanoparticle rotation and migration have been considered in this work, including: nanoparticle diameters (2 nm, 4 nm,
and 6 nm); nanoparticle materials (copper and gold); and nanoparticle shapes (spherical, bar-like, and planar). For nano-
particles in different shapes, the equivalent diameter is the same of 4 nm. Initially all the atoms in the simulation system are
arranged in accordance with face-centered cubic (FCC) lattice. On the basis of previous reports, [21,23]. the size and con-
figuration of the models have been validated to be stable and valid to calculate the rotational and translational movements
of nanoparticles. The models are simulated in canonical ensemble (NVT). The temperature is 86 K. The simulation time step
length is 2 fs. Periodic boundary condition is employed in all three axis directions. The simulation systems are relaxed for
200 ps to obtain equilibrium states. After relaxation no any external force or perturbation is applied to the models. Each
simulation ended after 10,000 ps. Angular velocity and translational velocity components are calculated from 200 ps to
9800 ps. The velocity components are averaged every 400 ps, namely, the angular velocity component on 600 ps is the
average from 200 ps to 600 ps, and so on. The average is over 10,000 quantities which are chosen every 0.04 ps.
Fig. 1. Angular velocity components of spherical nanoparticle.
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3.1. Rotation of nanoparticles
The rotational speed of nanoparticles is calculated through MD simulation and analyzed by statistics. Fig. 1(a), (c), and
(e) illustrates the angular velocities of spherical Cu nanoparticles with diameters of 2 nm, 4 nm, and 6 nm, respectively.
Fig. 2(a), (c), and (e) show the statistical results for angular velocities of Cu nanoparticles with different diameters. Fig. 3
(a) illustrates the comparison of rotational speed for spherical Cu nanoparticles with different diameters. From these figures,
it could be concluded that: (1) the nanoparticles are rotating in base fluid at a very high speed; (2) the rotary direction of
Fig. 2. Statistical distribution of angular velocity of spherical nanoparticle.
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diameter. For Cu nanoparticle with diameter of 2 nm, the rotational speed is about 21010 rad/s; For Cu nanoparticle with
diameter of 4 nm, the rotational speed is about 4109 rad/s; For Cu nanoparticle with diameter of 6 nm, the rotational
speed is about 1109 rad/s.
Fig. 1(b), (d), and (f) illustrate the angular velocities of spherical Au nanoparticles with diameters of 2 nm, 4 nm, and
6 nm, respectively. Fig. 2(b), (d), and (f) show the statistical results for angular velocities of Au nanoparticles with different
diameters. Fig. 3(b) illustrates the comparison of rotational speed for spherical Au nanoparticles with different diameters. It
could be found that rotation of Au nanoparticles has the same characteristics as Cu nanoparticles. That is, Au nanoparticles
are rotating at a very high speed with random changed rotary direction. Besides, bulk material of nanoparticles could
Fig. 3. Comparisons of angular velocity components around x-axis.
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nanoparticle. For Au nanoparticle with diameter of 2 nm, the rotational speed is about 1.51010 rad/s; For Au nanoparticle
with diameter of 4 nm, the rotational speed is about 2109 rad/s; For Au nanoparticle with diameter of 6 nm, the rotational
Table 1
Rotational speed of Cu nanoparticle.
Nanoparticle
material
Base
fluid
Nanoparticle dia-
meter (nm)
Rotational speed
(1010 rad/s)
Cu Ar 1.106 3.92–8.26 [24]
Cu Ar 1.544 3.11–6.50 [24]
Cu Ar 1.830 1.91–4.08 [24]
Cu Ar 2 2
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diameter.
Fig. 3(c) illustrates the comparison for angular velocities of Cu nanoparticles in different shapes with the same equivalent
diameter of 4 nm. It could be found the angular velocity of 4 nm Cu nanoparticle in bar-like shape is about 8109 rad/s. The
angular velocity of 4 nm Cu nanoparticle in planar shape is about 11010 rad/s. Therefore the change in nanoparticle shapes
could affect rotational speed of nanoparticles obviously. Under the condition of same equivalent diameter, the rotational
speed of planar nanoparticle is the largest (11010 rad/s), followed by bar-like nanoparticle (8109 rad/s) and spherical
nanoparticle (4109 rad/s).
Sun et al. calculated the rotational speed of Cu nanoparticle in base fluid of Ar under the condition of different shear rates
[24]. They have demonstrated that for nanoparticles with diameters of 1–2 nm, the order of magnitude of angular velocity is
1010, as shown in Table 1. In the present work, we have obtained the result that for nanoparticle of 2 nm, the rotational
speed is of the same magnitude as Sun et al. Therefore, the accuracy of present simulation work is verified.
Ahuja performed experiments with micro-sized particles (40–100 mm) suspended in water and glycerin, and demon-
strated that heat transfer may be enhanced from particle rotation [7]. That is, if the suspended particles rotate about an axis
perpendicular to the main flow direction under the effect of shear stress, a three-dimensional hydrodynamic boundary layer
generates and increases the fluid flow towards the wall. In order to evaluate the importance of this effect with respect to
heat conduction, on the basis of the definition of Peclet number Ahuja proposed the concept of “rotational” Peclet number,
Per:
Pe
l
d d/ / / , 5r w p p
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where υ is the velocity, l is the characteristic length, τω is the shear stress at the wall, μ is the fluid viscosity, dp is the particle
diameter, ω is angular velocity of nanoparticle, and α¼k/ρc is the fluid thermal diffusivity. In Eq. (5) the term (dp2/α)
represents the time constant for conduction heat transfer, while the term (τω/μ) represents the angular velocity of the
particle. Therefore, if the angular velocity of the particle ω is large enough, then Per is large, and heat transfer enhancement
by particle rotation is possible.
In the present work, we have calculated the angular velocity of nanoparticles by MD simulation. The simulation results
for angular velocity of nanoparticles are listed in Table 2. For nanoparticles considered in this work (Cu or Au, 2–6 nm
diameter), the angular velocity of nanoparticles are in the range of 0.8109–20109 rad/s. Sarkar et al. have demonstrated
by MD simulations that the thermal conductivity of base fluid Ar k is 0.127 W/m K, while the literature value is 0.132 W/m K
[21]. The density ρ and heat capacity cp of liquid Argon are about 1.4103kg/m3 and 0.5 kJ/kg K. Then the thermal diffusion
coefficient of liquid argon is calculated to be about 1.8910–7m2/s. Hence the rotational Peclet number, Per, is approxi-
mately 1. Therefore the rotation of nanoparticle is proved to be effective for heat transfer enhancement in nanofluids.
3.2. Migration of nanoparticles
The translational speed of the nanoparticles has also been calculated through MD simulation and analyzed by statistics.
Fig. 4(a), (c), and (e) illustrate the translational velocities of spherical Cu nanoparticles with diameters of 2 nm, 4 nm, and
6 nm, respectively. Fig. 5(a), (c), and (e) show the statistical results for translational velocities of Cu nanoparticles with
different diameters. Fig. 6(a) illustrates the comparison of translational speed for spherical Cu nanoparticles with different
diameters. From these figures, it could be concluded that: (1) the nanoparticles are migrating in base fluid at a very high
speed; (2) the translational direction of nanoparticles is changing randomly; (3) the translational speed of Cu nanoparticles
increases with decrease of the nanoparticle diameter. For Cu nanoparticle with diameter of 2 nm, the translational speed isTable 2
Rotational speed of nanoparticles (109 rad/s).
Spherical_2 nm Spherical_4 nm Spherical_6 nm Bar-like_4 nm Planar_4 nm
Cu 20 4 1 8 10
Au 15 2 0.8 – –
Fig. 4. Translational velocity components of spherical nanoparticle.
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diameter of 6 nm, the translational speed is about 3 m/s.
Fig. 4(b), (d), and (f) illustrate the translational velocities of spherical Au nanoparticles with diameters of 2 nm, 4 nm, and
6 nm, respectively. Fig. 5(b), (d), and (f) show the statistical results for translational velocities of Au nanoparticles with
different diameters. Fig. 6(b) illustrates the comparison of translational speed for spherical Au nanoparticles with different
diameters. The translational velocity of Au nanoparticle is lower than that of Cu nanoparticle. For Au nanoparticle with
diameter of 2 nm, the translational speed is about 10 m/s; For Au nanoparticle with diameter of 4 nm, the translational
speed is about 3 m/s; For Au nanoparticle with diameter of 6 nm, the translational speed is about 2 m/s. The translational
Fig. 5. Statistical distribution of migration speed of spherical nanoparticle.
W. Cui et al. / Case Studies in Thermal Engineering 6 (2015) 182–193190speed of Au nanoparticles also increases with decrease of the nanoparticle diameter.
Fig. 6(c) shows the translational velocities of Cu nanoparticles in different shapes with the same equivalent diameter of
4 nm. It could be found the translational velocity of 4 nm Cu nanoparticle in bar-like shape is about 8 m/s; the angular
velocity of 4 nm Cu nanoparticle in planar shape is about 10 m/s. The change in nanoparticle shapes could affect transla-
tional speed of nanoparticles obviously. Under the condition of same equivalent diameter, the translational speed of planar
nanoparticle is the largest (10 m/s), followed by bar-like nanoparticle (8 m/s) and spherical nanoparticle (4 m/s).
The migration of nanoparticle may also be effective for heat transfer enhancement in nanofluids. Compared with “ro-
tational” Peclet number, the definition of “translational” Peclet number, Pet is given by:
Fig. 6. Comparisons of translational velocity components around x-axis.
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Table 3
Translational speed of nanoparticles (m/s).
Spherical_2 nm Spherical_4 nm Spherical_6 nm Bar-like_4 nm Planar_4 nm
Cu 15 4 3 8 10
Au 10 3 2 – –
W. Cui et al. / Case Studies in Thermal Engineering 6 (2015) 182–193192The time period of migration of the nanoparticle is τ¼dp/υ (s). The time heat takes in diffusing a distance of one particle
diameter dp (taken as the characteristic length) in a fluid of thermal diffusivity αf (cm2/s), is t dp2/αf (s). The augmentation
is expected if τ is of the same order of magnitude as t or larger, that is, if dp
2
/αfdp/υ, or (υ/dp)(dp2/α)Z1. In the present work,
the translational velocity of nanoparticles (Cu or Au, 2–6 nm diameter) is calculated to be in the range of 2–15 m/s, as listed
in Table 3. Pet may be easily calculate from Eq. (6) to be approximately 1. Therefore the migration of nanoparticle is also
proved to be effective for heat transfer enhancement in nanofluids.4. Conclusions
In this paper, the steady rotation and migration of nanoparticles in nanofluids are calculated by MD simulation. By means
of “rotational” Peclet number and “translational” Peclet number, the effect of rotation and migration of nanoparticles for
heat transfer augmentation in nanofluids are discussed. The following points have been concluded:
(1) Through MD simulations the nanoparticles are found to rotate and migrate in base fluid at a very high speed, which
causes strong impact for the surrounding fluid. For the nanoparticles considered in the present work, the rotational
speed of nanoparticles is in the range of 109–1010 rad/s; the translational speed of nanoparticles is in the range of 1–
10 m/s. In addition, the rotational and translational directions of nanoparticles are changing randomly, which further
increases perturbation for the surrounding fluid.
(2) With MD simulations several nanofluid models have been considered to evaluate influence of nanoparticle properties
for nanoparticle movements. It is found that nanoparticle diameters, nanoparticle shapes, and nanoparticle materials
are important influencing factors for rotation and migration of nanoparticles. The rotational and translational speed of
nanoparticles increases with decrease of the nanoparticle diameter. Larger surface to volume ratio A/V leads to higher
rotational or translational velocity of nanoparticles. Nanoparticles with smaller specific gravity rotate or migrate faster.
(3) By means of “rotational” and “translational” Peclet number, the effect of rotation and migration of nanoparticles for heat
transfer augmentation in nanofluids are appraised. The rotational Peclet number Per and translational Peclet number Pet
are calculated to be approximately 1. Therefore both rotation and migration of nanoparticles are proved to be effective
for heat transfer enhancement in nanofluids.Acknowledgments
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